Gcn5-related N-acetyltransferases (GNATs) are found in all kingdoms of life and catalyze important acyl transfer reactions in diverse cellular processes. While many 3D structures of GNATs have been determined, most do not contain acceptor substrates in their active sites. To expand upon existing crystallographic strategies for improving acceptor-bound GNAT structures, we synthesized peptide substrate analogs and reacted them with CoA in PA4794 protein crystals. We found two separate mechanisms for bisubstrate formation: (a) a novel X-ray induced radical-mediated alkylation of CoA with an alkene peptide and (b) direct alkylation of CoA with a halogenated peptide. Our approach is widely applicable across the GNAT superfamily and can be used to improve the success rate of obtaining liganded structures of other acyltransferases.
The three-dimensional structures of proteins with ligands bound in their active sites are valuable tools because they provide a framework for determining residues that bind ligands over the course of an enzymatic reaction [1] . In the present age where new sequencing information greatly exceeds the experimental functional annotation of genes, liganded structures yield important information that can be used to more accurately computationally predict protein function or modes of ligand binding. Using structural information to enhance our understanding of acetyltransferases is critically important, as transferring an acetyl group from one molecule to another is a fundamental biochemical process. Members of the very large Gcn5-related N-acetyltransferase (GNAT) superfamily are found in all kingdoms of life and play key roles in metabolic and cellular processes, including gene regulation, transcription, post-translational protein modification, detoxification, and drug resistance [2, 3] . These proteins use an activated acyl donor, typically acetyl-coenzyme A (AcCoA), to transfer an acyl group to an acceptor substrate. The identity of the acceptor substrate can range from small molecules, such as polyamines, antibiotics, or arylalkylamines to peptides and proteins [2, 4, 5] . Although many proteins belonging to this family have been investigated, many members remain uncharacterized and would benefit from additional structural and functional investigation.
GNATs have two adjacent but distinct substratebinding sites: (a) the acyl donor substrate-binding site and (b) the acceptor substrate-binding site. Hundreds of 3D structures of GNATs have been determined and deposited into the Protein Data Bank (PDB). While many of these structures have AcCoA/CoA bound in the acyl donor substrate-binding site, it is less common to have ligands bound in the acceptor substrate-binding site. Furthermore, the acyl donor site is highly conserved, making protein-CoA binding interactions in a newly sequenced GNAT easier to predict. On the other hand, the acceptor substrate-binding site, which is responsible for specificity, is quite diverse among GNATs and more difficult to predict ligand-binding modes. Obtaining structures of GNATs with bound acceptor substrates is therefore crucial for understanding these enzymes. This has proven to be challenging, for even if the function of the protein is known or potential acceptor substrates have been identified the enzymes often do not bind the ligand in the crystal. Thus, new approaches and tools are needed to efficiently yield structures with acceptor ligands bound so we can more effectively understand key substrate recognition elements for catalysis across this diverse family of enzymes.
One strategy for obtaining liganded structures has been to crystallize proteins in the presence of bisubstrate inhibitors [6, 7] . These types of inhibitors have also been employed in medicinal chemistry in the design of more potent inhibitors, notably in the area of acetyltransferases and kinases to encompass both substrate-binding pockets [8, 9] . The binding affinity of an enzyme for a bisubstrate can be significantly greater than that of the substrate alone; therefore, it is expected the enzyme will more efficiently bind the ligand in the crystal. Many GNAT structures have been determined in the presence of bisubstrates where the bisubstrate molecule is either synthesized by the enzyme itself or chemically prior to crystallization [2, 4, 5, [10] [11] [12] [13] [14] .
In our previous work, we used a broad-substrate screening assay as a method to identify acceptor substrates for an uncharacterized PA4794 GNAT enzyme from Pseudomonas aeruginosa and then structurally and kinetically characterized it in the presence of a dipeptide substrate [15] . We found that PA4794 acetylates the dipeptide N-phenylacetyl glycine lysine (NPAcGK) and determined the structure of the ternary complex with CoA and acetylated NPAcGK (PDB ID: 4L8A) [15] . Here, we have used the PA4794 enzyme as a model enzyme from the GNAT family to develop a streamlined procedure for increasing liganded crystal structures of GNATs in the presence of bisubstrates. Our approach was to synthesize analogs of the PA4794 substrate and have the enzyme catalyze the formation of the bisubstrate in the presence of CoA. The advantages to this approach are: (a) the synthesis and purification procedures for acceptor ligands as opposed to full bisubstrates are much simpler, (b) it reduces the quantity of costly CoA needed for formation of the bisubstrate, (c) many different acceptor ligands can be tested using the same crystals, and (d) this approach can be used regardless of the size of the substrate to be bound. This final advantage is important because the donor and acceptor substrate-binding sites of many GNATs are connected by a narrow tunnel, which may not allow a fully formed large bisubstrate analog to thread through their active sites. Allowing each substrate to enter its respective binding site separately facilitates formation of a bisubstrate even with a large or bulky acceptor substrate during crystal soaks or cocrystallization.
In this work, we describe two separate three-dimensional structures of PA4794 with NPAcGK analogderived bisubstrates formed in the active site through two different mechanisms with CoA. The first bisubstrate was formed through direct alkylation with a reactive substrate, and the second bisubstrate was formed through an X-ray induced radical-mediated addition to the alkene moiety of the substrate analog. Additionally, we present a new approach we refer to as product-based transition-state modeling (PBTSM) to simulate the reaction pathway of PA4794 catalysis in reverse chronological order beginning with products and proceeding through the tetrahedral intermediate/ transition state toward substrate binding to explore key interactions within the active site along the reaction trajectory. We then interrogated some of the key active site residues identified through the bound bisubstrate structures and PBTSM molecular dynamics analyses by preparing point mutations and testing enzymatic activity. The approach outlined herein is widely applicable across the GNAT superfamily, especially those that show a preference for lysine acetylation, and can be used to advance the knowledge of modes of ligand binding in the acceptor site. This will ideally lead to more accurate computational methods of functional prediction of GNATs and drug design.
Materials and methods

Materials
All solvents were distilled prior to use, and all reagents were used without further purification unless otherwise noted. All synthetic reactions were conducted under a nitrogen atmosphere. Silica gel 60A, 40À75 lm (200 9 400 mesh), was used for column chromatography. Aluminum-backed silica gel 200 lm plates were used for TLC. 1 H NMR spectra were obtained using either a 300 MHz spectrometer or a 500 MHz spectrometer with trimethylsilane (TMS) as the internal standard. 13 C NMR spectra were obtained using a 75 MHz spectrometer or a 125 MHz spectrometer. HRMS spectra were measured on a TOF instrument by electrospray ionization (ESI). Acetyl-coenzyme A (AcCoA) and coenzyme A (CoA) trilithium salts and N-phenylacetylglycine lysine (NPAcGK) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents for biochemical assays were purchased at the highest quality available.
Synthesis of compounds to form bisubstrates, clones, site-directed mutagenesis, protein expression, protein purification, and in silico modeling More detailed methods regarding these techniques are presented in Supporting information.
Colorimetric enzyme assays
Kinetic characterization of WT and mutant proteins
Substrate saturation curves of NPAcGK for the WT and mutant enzymes were performed using the Ellman's colorimetric assay and analyzed as described previously [15, 16] with the following modifications. As the polyhistidine tag could not be completely removed for all mutants, we decided to compare the kinetics of all proteins used for the kinetic analysis with the tags remaining at their N-termini for consistency. The enzyme concentration for WT, R49A, R49Q, R141A, R141Q, or R49QR141Q in the enzyme assay was 2.5 (WT) and 11.2 lM (all mutants).
Determination of kinetic mechanism
The most compatible model for the WT PA4794 kinetic mechanism was determined as described previously [17] where a series of four NPAcGK substrate saturation curves at set concentrations of AcCoA (0.1, 0.25, 0.5, 1 mM) were produced using cleaved 2.1 lM WT protein while varying NPAcGK concentrations from 0 to 25 mM.
Substrate analog test
To determine if the PA4794 enzyme could acetylate the NPAcGK alcohol analog, we performed the following assay using the 4/5 mixture as the two compounds could not be separated from each other. A 50 mM stock of the 4/5 mixture was prepared by dissolving the compounds in 50 mM Bicine pH 9.0 buffer. Substrate saturation curves were produced in triplicate using reactions (50 lL volume) containing 50 mM Bicine pH 9.0 buffer, 0.5 mM AcCoA, and varying concentrations of the alcohol/alkene mixture (from 0 to 25 mM). The reactions were initiated with 5.1 lM WT cleaved enzyme and were processed as described previously [15] .
Enzyme-mediated formation of bisubstrate with alkene
To determine if the bisubstrate formation was enzymemediated, we prepared a 25 mM stock solution of the 4/5 mixture in 50 mM Bicine pH 9.0. Reactions (50 lL) contained 50 mM Bicine pH 9.0, 5 mM CoA, and 10 mM 4/5 mixture, and were initiated using either 1.1 or 11 lM cleaved WT enzyme and incubated at RT for 19 h. Control reactions included: (a) no enzyme, (b) no enzyme and no 4/ 5 mixture, (c) no enzyme, no 4/5 mixture, and no CoA. The next day 150 lL of methanol was added to each sample, centrifuged for 5 min at 21 000 g, and transferred to an HPLC vial for analysis. No precipitate was observed.
HPLC analysis of enzyme-mediated formation of bisubstrate with alkene
To analyze possible PA4794 enzyme-mediated formation of the bisubstrate, high-performance liquid chromatography (HPLC) analysis was performed according to a previously described HPLC method [18] with the following modifications. Samples were analyzed on a Hewlett Packard 1050 series HPLC system with diode array detector (DAD) set to monitor 205 nm using a Regis Little Champ II ODS guard column coupled to a SymmetryShield RP18, 3.3 lm, 100A column. 
HPLC analysis of radical-mediated AIBN formation of bisubstrate with alkene
The radical-mediated AIBN reaction was used to test for formation of the bisubstrate with the 4/5 mixture in the presence of coenzyme A. A sample of the 4/5 mixture (2.2 mg,~6.8 lmol) was dissolved in HPLC grade methanol (35 lL) followed by addition of AIBN (300 mg, 0.34 lmol) and CoA (5.3 mg, 6.8 lmol). The reaction was stirred at 60°C over 4 h and then diluted with 2.0 mL of methanol. HPLC analysis was performed as described above.
AIBN-mediated bisubstrate sample purification and LC-MS/MS analysis
Solid-phase extraction (SPE) was performed using an AASP Vac-Elut Model AI 6000 vacuum manifold from Analytichem International and was regulated to maintain a flow rate of 3-5 mLÁmin
À1
. The desalting procedure was performed using a 200 mg Oasis HLB resin (Waters, Milford, MA, USA) extraction cartridge loaded with a 3 mg sample of concentrated bisubstrate as follows: the SPE cartridge was conditioned with 1 mL acetonitrile followed by 1 mL of 0.1 M triethylammonium acetate buffer (TEAA) at pH 7. The crude sample was dissolved in 500 lL 0.1 M TEAA and loaded onto the SPE cartridge. The cartridge was washed with 2 9 5 mL of 0.1 M TEAA followed by 5 mL DI H 2 O to remove salts from the sample. The sample was recovered using three consecutive 500 lL elutions of 70% acetonitrile-H 2 O. The purified analyte was then analyzed with direct inject mass spectroscopy on a LCQ Advantage Mass Spectrometer System monitoring negative mode under full scan. Calculated mass of 1071.26 for C 37 H 56 N 9 O 2 0P 3 S is consistent with the experimentally observed value of 1070.21. A MS 2 fragmentation ion spectrum was also obtained for the ion peak at 1070 with a 30% fragmentation power [19] .
Protein crystallization
PA4794 protein crystals were grown using vapor diffusion and hanging drop setups. The crystallization drops were a 1 lL : 1 lL mixture of protein solution at 9 mgÁmL À1 and the precipitant was composed of 2 M ammonium sulfate and 100 mM Bis-Tris pH 6.5. To obtain structures of the PA4794 protein in the presence of bisubstrates, apo-form crystals were soaked first with 5 mM CoA, followed by adding 10 mM of the
Prior to data collection, each crystal was transferred to a solution containing a 2 : 1 mixture of precipitant solution and ethylene glycol and immediately cryo-cooled in liquid nitrogen. Tracking and analysis of the experiments were performed with the LabDB [20] and XtalDB [21] data management system.
Data collection, structure determination, and refinement
Data collection was performed at the 21-ID-G beam line of the Life Sciences Collaborative Access Team at the Advanced Photon Source (APS). Data were collected at a temperature of 100 K and processed with HKL-2000 [22] . The PA4794 structure (PDB ID: 4L8A) was used as a model to solve the structure of PA4794 in complex with bisubstrates by molecular replacement (MR) using HKL-3000 [23] coupled with MOLREP [24] . Refinement was performed using HKL-3000 coupled with REFMAC5 [25] , COOT [26, 27] , and selected programs from the CCP4 package (Collaborative Computional Project, 1994). The atom B factors were refined using anisotropic refinement. Structure validation was performed using MOLPROBITY [28] and ADIT [29] . Structures of PA4794 in complex with two bisubstrates were determined: (6) . The coordinates, structure factors, and intensities were deposited in the PDB (PDB IDs: 5VD6, 5VDB). Statistics describing crystallographic data collection and refinement are summarized in Table 1 .
Results
Design of substrate analogs
We previously found that PA4794 acetylates the eamino group of NPAcGK and prefers to acetylate a C-terminal lysine residue of peptides [15] , yet its native function remains unknown. We chose this enzyme as a model system for exploring formation of bisubstrates in GNATs because it is small and readily crystallizes, which makes it an ideal protein to study mechanisms of ligand binding. To begin, we analyzed the 3D structure of the ternary complex of PA4794 and its interactions with CoA and acetylated NPAcGK (NPAcGAcK) peptide (PDB ID: 4L8A) and designed and synthesized reactive analogs of the acceptor substrate that would react with CoA to form bisubstrates in the protein crystal. We reasoned that electrophilic moieties installed near the e-amino group of the acceptor substrate should be capable of alkylating the thiol of free CoA to produce a bisubstrate in the active site of the protein. To mimic the acetyl group transferred from CoA to the acceptor but with a reactive moiety, we installed an a-haloacetyl group on the e-nitrogen of the lysine. The a-haloacetyl moiety has been utilized extensively as a group to alkylate active site residues in proteins [30] , and in a similar approach, Hwang incorporated an a-haloacetyl moiety as a replacement for the acetyl moiety of AcCoA, which was able to react with active site residues of acetyltransferases that use AcCoA [31] . Our approach for synthesizing haloacetyl substrates is summarized in Scheme 1 and was accomplished by reacting NPAcGK with chloroacetyl chloride or bromoacetyl chloride to obtain compounds 2a and 2b, respectively. The PA4794 enzyme-mediated formation of bisubstrate 3 occurred in the presence of CoA with these compounds in the protein active site.
Bisubstrate formation in crystals via an enzymemediated mechanism
We grew crystals of the PA4794 protein and soaked them with CoA, followed by soaking with the 2a and 2b chloroacetyl and bromoacetyl analogs (see Materials and methods for more details) and screened crystals for ligand binding. We found both analogs reacted with CoA to form bisubstrate 3 (Scheme 1, Fig. 1A ) and exhibited identical binding modes in the structures. Although the bromoacetyl derivative 2b yielded the same bisubstrate as the chloroacetyl derivative 2a, the resolution of the structure from bromide 2b was lower, perhaps due to the greater reactivity of the bromo compound leading to less selective and more random reactivity, or simply from greater radiation damage to the crystal. Hence, only the structure derived from chloroacetyl derivative 2a was refined (PDB ID: 5VDB, Fig. 1A ). The bisubstrate was formed via an enzyme-mediated mechanism, whereby the enzyme active site placed the electrophilic alkylating moiety in close proximity for S N 2 displacement of the halide by the thiol of CoA.
Bisubstrate formation in crystals via a radicalmediated mechanism
When we soaked crystals of PA4794 with CoA and the alcohol/alkene mixture (4/5) (Scheme 2), our assumption was that the alcohol would bind preferentially in the active site of the enzyme, given the alcohol's ability to serve as both H-bond donor and Hbond acceptor, and the comparable steric volume to the amine substrate. We were surprised to observe 5% of reflections were randomly assigned to the Rfree set. Scheme 1. Synthesis of a-haloacetyl derivatives of NPAcGK 2a (X = Cl) and 2b (X = Br) and enzyme-mediated formation of bisubstrate 3.
formation of bisubstrate 6 in the structure (Scheme 2, Fig. 1B , PDB ID: 5VD6). This was curious because both alcohol and alkene were expected to be chemically unreactive. To determine the mechanism of bisubstrate formation between the alcohol/alkene analog and CoA, we performed a series of tests to determine if it was produced enzymatically from the alcohol 4 or alkene 5. Treatment of the 4/5 mixture with the PA4794 enzyme and CoA did not give rise to any detectable bisubstrate 6 by HPLC. However, it is well known that a thiol can add to an alkene under free radical conditions [32] , which could have been initiated during X-ray data collection, so we tested whether or not the 4/5 mixture could produce a bisubstrate in the presence of a source of radicals. Treatment of 4/5 and CoA with AIBN at 65°C for 2 h showed complete consumption of the alkene 5 from the mixture and corresponding reduction in the concentration of CoA (see Fig. S12 ). There was no detectable effect on the concentration of alcohol 4, and the production of a new polar peak close in retention time to CoA was shown to be bisubstrate 6 by mass spectrometry (M À observed = 1070.2) (Fig. S13) , providing strong evidence that the formation of the bisubstrate 6 was due to a radical-mediated mechanism from X-ray irradiation during data collection.
Two distinct substrate analog-binding modes reveal functionally important interactions
The bisubstrate analogs formed in the present study through either an enzyme-or radical-mediated mechanism occupy both the AcCoA and acceptor substratebinding sites and enable exploration of key interactions in both pockets. The CoA moieties of bisubstrates 3 and 6 are bound in similar conformations and through similar interactions as those of previously determined PA4794 structures (PDB IDs: 3PGP, 4KUB, 4L8A, Fig. 1 ). Bisubstrate 6 binding is similar to that of the acylated substrate observed in the ternary complex (PDB ID: 4L8A) structure with NPAcGAcK (Fig. 1C) . In particular, the most critical charge-charge interactions of the C-terminal carboxyl group of NPAcGAcK occur with R49 and the main chain nitrogen of N80 as well as several watermediated interactions. The phenylacetyl moiety lies against a hydrophobic patch composed of residues F118, F27, and P31. The moiety corresponding to the C-terminal lysine side chain of the bisubstrate 6 (Fig. 1B) is shorter by four atoms and in an extended conformation compared to the acetylated lysine side chain of the product NPAcGAcK. The bisubstrate compound 3 (Fig. 1A) exhibits a different binding mode compared to the acylated product shown in Fig. 1C , but this can be attributed to the longer atom chain connecting the lysine mimetic to CoA. The modified acetyl-lysine moiety in bisubstrate 3 is extended and is not as distorted as in the ternary complex structure. Specifically, this is due to a movement of the Cterminal carboxyl group of the peptide that now interacts with more surface-exposed R141 instead of R49 (Fig. 1A) . R141 is located closer to the binding pocket opening than R49 and allows a more extended conformation of the substrate analog moiety, which is slightly less buried inside of the protein as compared to bisubstrate 6 (Fig. 1B) . In this case, additional interactions are observed between the e-amino group and the acetyl oxygen of the haloacetyl substrate analog derivative and the main chain oxygen of S116 and main chain nitrogens of N80 and M81. The two distinct conformations of the two bisubstrate analog moieties also induce significantly different conformations of Y68.
Importance of R49 and R141 residues of PA4794
The binding mode of the two bisubstrates revealed two arginine residues (R49 and R141) that are implicated as playing a potentially important role in binding substrate and/or product. To elucidate whether these two residues were critical for activity, we constructed alanine and glutamine mutants and compared their kinetic activity to the wild-type enzyme. We could not completely remove the polyhistidine tag from all mutants; therefore, we screened the kinetic activity of all mutants and wild-type proteins in the presence of the tag for this experiment. We previously determined the R49Q mutant displayed reduced PA4794 catalytic activity, but included it here as the tag was not present previously [15] . All five mutants (R49A, R49Q, R141A, R141Q, and R49QR141Q) showed a significant decrease in activity (between 3.5-and 23-fold decrease) compared to the wild-type enzyme, with the most severe decrease seen for the double mutant (Fig. 2) . Replacing the more surfaceexposed arginine R141 with glutamine (R141Q) exhibited diminished activity compared to the wild-type protein, but its replacement with alanine (R141A) showed a greater decrease in activity (Fig. 2) . R49 mutations also led to decreased activity relative to wild-type, but the glutamine and alanine mutants showed opposite effects compared to the R141 mutants: the R49A retained greater activity relative to R49Q. Regardless, it is clear that both of these residues are important for binding peptide, and at least one needs to be present for catalysis to occur. 
Product-based transition-state modeling approach
Active site regions important along the reaction trajectory
Using the bisubstrate-bound crystal structures and the PBTSM protocol, we identified a set of important regions of the active site that appear to stabilize the tetrahedral intermediate and enable the catalytic reaction to proceed. For instance, we identified a potential oxyanion hole composed of the backbone amide hydrogen of M81 near the alpha carbon hydrogen of C29 and the backbone amide hydrogen of N80 through a water molecule that could stabilize the negatively charged oxygen of the tetrahedral intermediate (Fig. 4A , blue circle). The water observed in the crystal structure is present at a nearly identical site as the one observed using the PBTSM protocol, which suggests it plays an important role in the acetyl transfer mechanism when the system is solvated. We also observed that H-bonds were formed directly through two backbone carbonyl oxygens of S116 and L78 or indirectly through a water molecule to stabilize the nucleophilic approach of the eamino group of NPAcGK during formation of the tetrahedral intermediate (Fig. 4A, red circle) . Two important arginine residues stabilize the C-terminal carboxyl group of the NPAcGK substrate (Fig. 4A, black  square) . Binding of the carbonyl oxygen atom in the oxyanion hole allows the accompanying elements involved in formation of the tetrahedral transition state intermediate leading to acetyl transfer to be recognized. A shallow hydrophobic pocket containing L78, I115, Y128, and M81 residues was also observed to accommodate the methyl of the acetyl group. Finally, the model indicates that the sulfur of CoA forms a stabilizing Hbond interaction with Y128 and an ordered water molecule. We have previously shown that both Y128F and Y128A mutants are inactive, indicating that this residue is critical for catalysis and is likely to play a role as a general acid capable of reprotonating CoA after transfer of the acetyl group to the acceptor substrate has occurred [15] . The ordered water makes further interactions with the backbone carbonyl of Y28, while H-bond donation varies between the backbone amide of F118 and the side chain amide of N121. The PBTSM-generated transition-state models are shown in Fig. 4B ,C.
Kinetic mechanism of PA4794 toward NPAcGK
GNAT enzymes typically use either a sequential (direct transfer) mechanism whereby both donor and acceptor substrates bind to the enzyme simultaneously and the acetyl group from AcCoA is transferred directly to the substrate, or they use a ping-pong or double-displacement mechanism with an indirect transfer of the acetyl group via an acetyl-enzyme intermediate. In the latter mechanism, AcCoA binds first and transfers the acetyl group to a residue in the enzyme active site and then CoA leaves. Then the acceptor substrate binds and the acetyl group is transferred from the enzyme to the acceptor substrate. As our PBTSM modeling experiments predicted a tetrahedral transition-state intermediate, which is indicative of a direct transfer mechanism, we performed enzyme kinetic assays and tested kinetic models to experimentally determine which kinetic mechanism was preferred for PA4794. Similar to other GNATs, we found the PA4794 protein indeed uses a bisubstrate steady-state kinetic mechanism [17, 33] (see Fig. S1 ), which infers an overall direct transfer of the acetyl group to the acceptor substrate through a transition-state intermediate. Thus, our in vitro and in silico results are compatible.
Mechanistic hypothesis of overall PA4794 reaction sequence
Based on our combined in vitro and in silico results, we propose the sequence of substrate approach, acetyl transfer, and final product release in PA4794 occurs as follows. Our kinetic mechanism results indicate there is no specific order of binding of AcCoA and NPAcGK, thus both substrates may approach the active site in a random order. When the NPAcGK substrate binds, its C-terminal carboxylate interacts with R141 (located near the binding pocket opening) or R49 (located closer to the catalytic center), and the lysine moiety approaches the catalytic site as a neutral species, having been deprotonated by bulk solvent or an unidentified basic residue near the active site [15] . The nucleophilic e-amino group of NPAcGK is guided into the correct conformation by residues that stabilize the incipient positive ammonium species, while the acetyl oxygen takes its place in the oxyanion hole. Immediately following formation of the tetrahedral intermediate, the bond between the carbonyl carbon and the sulfur breaks, while the negative charge on sulfur is stabilized and ultimately protonated by Y128. Reprotonation of Y128 may come from bulk solvent or from deprotonation of the positively charged ammonium species. The acetylated NPAcGAcK product and CoA would then exit the active site and the catalytic cycle continues. Our mechanistic hypothesis for acetyl transfer by PA4794 is summarized in Fig. 5 .
Discussion
We have designed two distinct types of tools that utilize different mechanisms to form bound bisubstrates in GNAT protein crystals: (a) chloroacetyl/bromoacetyl Residues that occupy the oxyanion hole are in blue, AcCoA substrate is in green, Y128 that acts as the general acid is in brown, residues that stabilize the epsilon amino group are in red, and NPAcGK peptide with stabilizing arginine residues in black. derivatives of an acceptor substrate using an enzymemediated mechanism and (b) addition of a thiol to an alkene derivative of acceptor substrate via a radicalmediated mechanism. We chose to use the PA4794 protein of unknown native function from P. aeruginosa as a model system to test our bisubstrate tools as its crystallization is highly reproducible, with fast growth of crystals that typically give high-resolution structural data. Upon soaking crystals of PA4794 with the chloroacetyl derivative of NPAcGK 2a in the presence of CoA followed by structure determination, we observed that the protein enzymatically formed a covalent bisubstrate ( Fig. 1) occupying both AcCoA and acceptor substrate sites. Incubation of PA4794 crystal with bromoacetyl substrate 2b yielded an identical bisubstrate-bound complex but of lower resolution.
The formation of bisubstrate 6 was unexpected, but can be attributed to radiation-induced free radicalmediated addition of the thiol to the alkene moiety of 5. We hypothesize that bisubstrate 6 was not produced enzymatically, but rather through exposure to free radicals produced by X-ray irradiation during data collection (Scheme 3). X-ray-induced chemical modification of specific moieties is well documented, and sulfur-containing residues are particularly susceptible [34] . Scheme 3 presents a mechanistic hypothesis for the formation of bisubstrate 6 in the active site mediated by hydroxyl radicals produced from the interaction of radiation with ubiquitous water molecules in and around the active site. H-atom abstraction from CoA by a hydroxyl radical would yield the thiol radical, which could rapidly add to the carbon-carbon double bond of alkene 5 yielding a secondary radical. This radical could then abstract a hydrogen atom from water or a nearby residue to obtain bisubstrate 6. The same overall mechanism is expected in the AIBN-mediated process with Hatom abstraction from CoA by the isobutyronitrile radical produced from thermal loss of nitrogen from AIBN. The radical-mediated addition of the thiol moiety of CoA has not been previously employed to prepare Salkylated derivatives of CoA, and as demonstrated, this method may be used to prepare bisubstrates of acyltransfer enzymes that employ CoA. There are several reports of the conjugate Michael addition of the thiol moiety of CoA to enones [35] [36] [37] but 1,4-addition requires an activating group, typically a carbonyl.
The results of the enzyme-mediated and radicalmediated bisubstrates combined with PBTSM and enzyme kinetics studies provide new information regarding key residues that are important for PA4794 substrate-binding and tetrahedral intermediate stabilization. The two different binding modes of the bisubstrates showed two arginine residues can interact with the carboxylate of the NPAcGK substrate: R49 and R141. The alkyl side chain of the C-terminal lysine of the substrate is less distorted in the bisubstrate 3 and bisubstrate 6 structures compared to the ternary complex (PDB ID: 4L8A) structure. The carboxylate of bisubstrate 3 interacts with R141 instead of R49 because the bisubstrate is formed by sulfur attacking the alpha-CH 2 of the chloroacetyl group, which provides an extra methylene and lengthens the molecule versus the sulfur attacking the terminal-carbon of the alkene for formation of bisubstrate 6. In the absence of the complex structure with bisubstrate 3, we would not have identified R141 as a potentially important residue for ligand binding. It appears that either arginine residue can contribute to ligand stabilization for catalysis, but turnover is dramatically decreased when both are not present. As the native substrate of this enzyme is not yet known, these results provide new information about the architecture of the active site that is critical for catalysis.
Our study has expanded upon the tools for forming bisubstrates for GNAT structure determination and can be applied to other acyltransferases, which indicates their broad applicability across enzyme families and types of acceptor substrates. In particular, our serendipitous radical-mediated approach for producing bisubstrates could enhance the quantity of acyltransferase crystal structures or other enzymes that use CoA obtained in complex with specific ligands through employment of unactivated alkene derivatives. As PA4794 is specific for acylating a C-terminal lysine residue, we consider it a model system for identifying the best chemical approaches for studying and designing specific inhibitors for other lysine acetyltransferases, such as histone acetyltransferases. Furthermore, substrates armed with alkylating agents can serve as covalent inhibitors with therapeutic application, especially given the recent (re)acceptance of covalent inhibitors as drugs [38] including those targeting protein kinases [39] . Finally, our PBTSM approach for modeling the mechanism of an enzyme in reverse chronological order offers a new approach to utilizing product-or bisubstratebound structures in predicting key enzyme interactions involved in catalysis, and in identifying specific amino acid residues for further study. 
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